Gimeno, J.; Marti-Aldaravi, P.; Alarcón-Herrera, MY. (2017). Numerical simulation of needle movement nozzle flow coupled with spray for a diesel injector using an Eulerian spray atomization model. Abstract The injector dynamics have a strong impact on spray behavior, therefore on combustion efficiency and pollutant emissions. Nozzle flow and spray coupled simulations are useful tools to analyze the effect of nozzle geometry, and they could be used also to study the effect of needle movement. In this work, three different approximations to the same needle lift law are employed in an Eulerian Spray Atomization (ESA) model. The main advantage of this model is that is able to simulate nozzle flow and spray seamlessly. Engine Combustion Network (ECN) Spray A conditions are simulated. Results show that the experimental needle lift law can be used without any fitting to a smoothed expression, but all details of the needle dynamics must be considered in order to properly predict mass flow rate and spray penetration. Additionally, it has been shown that needle dynamics has a strong impact on heating effects inside the nozzle.
Introduction
Fuel injection conditions such as injection pressure and velocity, even injected fuel temperature [3] , greatly affect spray development, and so combustion efficiency. Nonetheless, the study of flow characteristics inside Diesel nozzles is tricky due to their small characteristic length and hard testing conditions (very high pressure and velocity) [2] . It gets more complicated when dual fuel or multiple-injection strategies are used to improve combustion efficiency [?] . That is the reason why Computational Fluid Dynamics (CFD) is widely used to study such kind of flows [4, 5] . These techniques model the real domain generally by finite volume discretization. Therefore, the geometry of the nozzle must be very well known in advance.
In order to obtain geometrical details of Diesel nozzle, silicone mold technique [6] has been widely used over the years. Nevertheless, new powerful techniques such as X-ray tomography [7] have been also successfully employed. In fact, this last technique not only allows obtaining the sizing of the nozzle with a resolution of microns, but also the time resolved position of the needle and measurements in the dense region of the spray [8] . It is known that needle movement affects spray behavior (and so combustion efficiency) specially during opening and closing transients [9, 10] .
From another point of view, the in-nozzle flow pattern defines the spray behavior and characteristics [11] . Though nozzle flow and spray are clearly linked, few studies have been able to analyze both seamlessly. Experimentally, hydraulic behavior of the nozzle is obtained first, and then in completely different test rigs the spray is visualized and characterized. Computationally, it is common to simulate first the internal flow, and then use both experimental and computational data as boundary condition for spray simulations. In the process there are always losses of information due to the different length and time scales. Nonetheless, modelers in the last decade have made an effort to advance in that topic, as proved by the spreading of the use of Eulerian models for the sprays [12, 13] .
Under this framework, the objective of this work is to employ an already existing Eulerian model, able to simulate nozzle flow and spray at the same time [14] , to computationally address the effects of needle movement on the spray behavior. To do so, Spray A conditions of Engine Combustion Network (ECN) [16] are considered. Nozzle of Spray A is very well characterized in terms of geometry and flow characteristics, including needle lift measurements. However, the time resolution used for measuring needle velocity may not be high enough, then it is possible that some post-processing (i.e. moving average) of the experimental signal is required.
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Methodology

Code description
The Eulerian Spray Atomization (ESA) is a homogeneous model built to simulate non-evaporative conditions so far [14] . When compared with other approaches to simulate nozzle flow with moving needle and also the spray behavior (for example the work of Anvari et al. [15] ), the main advantage of this model is that allows to simulate both domains seamlessly. This avoids the use of interpolation algorithms for coupling (one or two-ways). Although ESA model has been deeply described in previous works [14, 17, 18] , the basis of the model are given next.
It is based on the one developed by Vallet et al. [12] , which assumes four basic principles: high Reynolds and Weber numbers, small difference in velocity between phases, the dispersion is calculated through a balance equation, and the mean size of liquid fragments can be obtained from the mean surface area of the liquid-gas interface per unit volume. Nevertheless, the droplet size is not analyzed in this work (because there is not experimental data to compare with), and the the description of its modeling is omitted.
The dispersion of the liquid into the gaseous ambient is modeled with a turbulent diffusion flux given by Ficks law. The transport equation of the liquid mass fraction is Equation 1, where D Y,eff is the diffusivity coefficient computed as in Equation 2 , being Sc the Schmidt number. By the Kolmogorov hypothesis for small scale features of the flow, Sc = 1 can be assumed.
A turbulence model is necessary to estimate the turbulent viscosity, µ t . In this case a Reynolds-Averaged Navier-Stokes (RANS) 2-equations viscosity model is selected, concretely the SST k-ω. It has been proved that it is able to correctly predict the flow inside the nozzle and along the spray [14] .
Once the liquid mass fraction is obtained, the density of the liquid-gas mixture is given by an equation of state such as Equation 3. Nitrogen is used for the gas phase, which is assumed to behave as an ideal and perfect gas. The liquid phase (the fuel) is n-Dodecane, as established by ECN standard. Density and bulk modulus of this phase are polynomial fittings to experimental data, as shown by Desantes et al. [17] .
The rest of balance equations (continuity, momentum, energy and pressure) are the common ones used in compressible mono-phase solvers and can be easily found in the literature, e.g. the work of Weller et al. [19] .
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The CFD software selected to perform the calculations is OpenFOAM 2.3.0 R , mainly because it is open source and new equations can be easily introduced to already existing codes. Thus, new solvers are easy to compile and test. Transport equations are solved within a PIMPLE (combination of Pressure Implicit with Splitting Operators -PISO-and Semi-Implicit Method for Pressure-Linked Equations -SIMPLE-) loop, which increases computational cost but ensures stability and accuracy. Upwind discretization and linear interpolation schemes are used with an Euler scheme for the time discretization. PBiCG (Preconditioned Bi-Conjugate Gradient) solver with DILU (Diagonal Incomplete LU) preconditioner is used for all variables except for the pressure, which is solved with a PCG (Preconditioned Conjugate Gradient) solver with DIC (Diagonal Incomplete Cholesky) preconditioner. A relaxation factor of 0.3 is used for the pressure, whereas a value of 0.7 is used for the rest of variables except for the density, which is solved without relaxation.
Case set-up
Simulations set-up is similar to the one configured in previous works [14, 17] , being the main difference the needle position and movement. As mentioned above, ECN Spray A conditions [7, 16] are considered. That is, a Bosch solenoid-activated injector with axial single-hole nozzle. The nominal orifice outlet diameter is 0.090 mm, with a k-factor of 0.0015 mm and a fillet inlet radius of 0.025 mm.
The reference injection conditions to compare simulations and experiments are: 150 MPa of injection pressure, 22.8 kg/m 3 of ambient density, 303 K of ambient temperature, and the fuel is injected to the vessel at 343 K of temperature. For simulations with fixed needle position, it is placed at 0.1 mm of lift, however the initial lift of moving needle simulations is 7.5 µm (it cannot be 0 due to meshing issues).
The mesh built for this study is shown in Figure 1 . It is the one used for fixed needle simulatoins. Due to circumferential symmetry of the nozzle (although this is not entirely true [7] ), a wedge two-dimensional domain is preferred to save computational cost. In order to ensure mesh independent results, the minimum cell count is 67402 elements, with 18 cells along the orifice outlet.
The inlet of the nozzle is the inlet boundary condition, taken as timevarying pressure (the time evolution comes from the experiments [7] ) at constant temperature (343 K), as defined by ECN. The turbulent intensity at the inlet is 5% of the mean velocity and the turbulent length scale equal to 10% of the orifice outlet diameter. The outlet of the domain, on the right hand side, is a non-reflective or wave transmissive boundary, with a pressure value that gives an ambient density of 22.8 kg/m 3 . The rest of boundaries of the domain are non-slip walls at constant temperature. Standard wall functions are also used.
Final
Moving needle strategies
The needle lift, measured by means of X-ray tomography [7] , is shown in Figure 2a . The needle velocity has been plotted on the upper part of the figure. It is clearly seen how some of the frequencies of the signal were lost during the acquisition, proved by its peaky shape. This may lead to unstable and unrealistic internal nozzle flow pattern, so the signal has been filtered using a moving average filter. The result is represented in Figure 2b . It has been also drawn the difference between the original and filtered signal. The maximum difference is about 0.4 m/s and is found at the peaks, as expected. By comparing these two needle velocity laws it is possible to check if this has an impact on the spray behavior. OpenFOAM 2.3.0 R supports mesh morphing six degree of freedom. However, for this work only the axial movement is needed. Mesh motion is based on solving the cell-center Laplacian for the given component of the motion velocity, and cells are deformed accordingly in all directions to keep cell quality (skewness, aspect ratio) under acceptable levels. Figure 3 shows how cells around the needle are modified depending on the needle position: minimum or maximum lift.
Results and discussion
Nozzle flow
First parameters to be analyzed are the mas flow rate and momentum flux, together with the non-dimensional coefficients that define the nature of the flow: C v , C a and C d , following Desantes et al. [20] procedure. Steady state values of coefficients, including experimental ones, are presented in Table 1 . All simulations predict almost the same value for the discharge coefficient C d , 2% lower than the experimental. This is due to the under-prediction of the velocity coefficient, which means that simulations give a velocity slightly lower Final author version, cite as: Payri, R., Gimeno, J., Mart-Aldarav, P. et al. "Numerical simulation of needle movement nozzle flow coupled with spray for a diesel injector using an Eulerian spray atomization model", J Braz. Soc. Mech. Sci. Eng., 39(7), pp. 2585-2592, (2017). doi:10.1007/s40430-017-0801-1 than experiments. This difference may be related to uncertainties on reference density value. Nevertheless, differences are small. Comparing different simulations, both curves used to model the needle velocity lead to the same values on coefficients, quite similar to the calculation without mesh movement. So, if the objective is to obtain steady state values, the needle lift profiles seems to be not needed.
Final author version, cite as: Payri, R., Gimeno, J., Mart-Aldarav, P. et al. "Numerical simulation of needle movement nozzle flow coupled with spray for a diesel injector using an Eulerian spray atomization model", J Braz. Soc. Mech. Sci. Eng., 39 (7), pp. 2585-2592, (2017). doi:10.1007/s40430-017-0801-1 Table 1 : Non-dimensional coefficients that define the hydraulic performance of the nozzle. Mass flow rate and momentum flux signals are depicted in Figure 4 . Simulation with fixed mesh only reaches 0.5 ms, which is enough time to get to the steady state. Both needle velocity signals generate almost the same mass flow rate and momentum flux; once again, the filtering on the experimental data for the needle lift seems to have negligible effects. Time varying pressure inlet boundary by itself is not enough to obtain the oscillations in mass flow and momentum experimentally observed. In fact, when that condition is combined with needle movement, oscillations grow but do not follow experimental data. This means that pressure signal on the rail should not be used as boundary condition in internal nozzle flow simulations.
Differences between simulations and experiments are specially large at start of injection. This is related to the initial conditions. In this case, the nozzle is initially filled with stagnated liquid at injection pressure. As it has been proved, that initialization leads to higher mass flow rate values in the early stages of the injection. This issue can be solved by initializing the orifice filled with gas at ambient conditions and the rest of the nozzle filled with liquid at injection conditions [21] .
Another significant difference between simulation strategies is found at temperature contours, shown in Figure 5 . In the case of fixed needle, there is a temperature drop on the core of the flow of about 20 K from 343 K, which is the fuel temperature set at boundaries. A small increase of temperature is observed next to walls. However, in both simulations with needle movement, the temperature inside the sac and orifice goes up to almost 400 K (not in the walls where temperature is set by boundary conditions). That increase in temperature is due to the viscous heating of the flow trespassing the needle seat when the lift is small (see Figure 3a) , and for longer times after start of injection diminishes, reaching temperature levels similar to the ones observed in the simulation with fixed needle position. Different fuel temperatures at the orifice exit would lead to different droplet size and evaporation rates during the injection event [3, 22] .
Near field spray development
To continue the analysis once the internal flow differences have been commented, spray parameters need to be analyzed. Spray penetration, defined by ECN as the maximum axial distanced where the liquid mass fraction is above 0.1% [16] is plotted in Figure 6 . Experimental spray penetration was measured by Argonne National Laboratories, who used X-ray tomography to measure the spray structure in the near-field [23] . Simulation with fixed needle slightly over-estimates the near-field spray penetration, whilst simulations with moving needle give quite similar curves than experiments. Both simulation curves overlaps, one more evidence that filtering the needle velocity may not be needed. This difference in spray penetration is explained by the different orifice exit velocity that is obtained by the simulations. The axial velocity on spray Final author version, cite as: Payri, R., Gimeno, J., Mart-Aldarav, P. et al. "Numerical simulation of needle movement nozzle flow coupled with spray for a diesel injector using an Eulerian spray atomization model", J Braz. Soc. Mech. Sci. Eng., 39(7), pp. 2585-2592, (2017). doi:10.1007/s40430-017-0801-1 axis is at 0.5 ms plotted in Figure 7 , where the vertical dotted line marks the orifice outlet. Inside the sac and orifice velocities are similar, but in the case of moving needle simulation, it reaches a higher value at orifice exit. This is due to a lower density inside the orifice given by a higher temperature (see Figure 5) .
Following, spray structure obtained by simulations is compared with experiments in Figure 8 in terms of projected density [23] , which is a line of sight magnitude related to the liquid concentration. The first 10 mm of the spray are represented. Barely no differences are observed between different simulations. Nevertheless, when comparing with experiments, it is clear that the model over-predicts spray density beyond 5 mm. That is a common issue of computational models [24] . Regardless that, the dense region of the spray (red area) is very well predicted by the model in both width and length.
Conclusions
Spray A conditions have been simulated by using the ESA model. Needle movement has been taken into account under different approaches: fixed neeFinal author version, cite as: Payri, R., Gimeno, J., Mart-Aldarav, P. et al. "Numerical simulation of needle movement nozzle flow coupled with spray for a diesel injector using an Eulerian spray atomization model", J Braz. Soc. Mech. Sci. Eng., 39(7), pp. 2585-2592, (2017). doi:10.1007/s40430-017-0801-1 dle, the raw experimental data for needle lift, and filtered signal to remove possible instabilities. The following conclusions can be drawn from the current work:
-No clear difference has been observed between raw lift data and the filtered signal. There is no need of post-processing the needle lift data. Although the acquisition frequency seemed to be low, is enough for performing simulations. -Needle movement is needed to capture oscillations experimentally observed in mass flow rate and momentum flux. However, it must be combined with the right inlet boundary condition and the proper initialization. -Errors in spray penetration are minimized if needle movement is considered.
-Very low needle lift leads to a significant heating of the fuel inside the nozzle due to viscous dissipation. This effect diminishes for long injections, but for timings similar to real engine operation this effect has to be considered. -Spray structure is generally well predicted, except that ESA computational model over-predicts fuel concentration for distances longer than 5 mm.
Therefore, when the needle lift is available, it is recommended to consider it in the simulations to improve predictions in both nozzle and spray parameters. Special attention must be paid to inlet boundary condition and initialization of simulations. Nonetheless, there is still work to do to improve Diesel spray models.
